[1] New methods of data collection and processing are developed to provide quantitative, reach-scale measurements of bedform transport mass within the tidally influenced Mississippi River. A multibeam swath profiler was used to collect daily bathymetry over a range of water discharges, and bed elevation changes induced by dune migration are measured. These values are coupled with bulk physical properties of the bed sediment to constrain mass flux, and annual bedform transport is estimated at 2.2 Â 10 6 metric tons (MT). The total annual sand flux from the Mississippi River, calculated by combining measured bedform transport rates and suspended sediment flux, is estimated to be 20 Â 10 6 MT. Survey data also provide information about the spatial distribution of dunes across the channel bottom. Straight reach segments are commonly mantled by dunes for the entire cross section, while bends are typically areas of focused scour devoid of bedforms. Presumably, any sediments associated with migrating dunes are propelled into suspension within bends before redepositing in the subsequent straight reach. Movement via suspension is therefore an important component for the downriver transport of bed materials in the lower Mississippi River. 
Introduction
[2] Sediment transport studies within the world's major fluvial systems have primarily examined the flux of suspended materials because this component often represents the majority of particulates reaching the oceans [Milliman and Meade, 1983] . However, many large river channels are sand bedded in their final, relatively low gradient reach near the land-ocean interface and quantitative bed load measurements are difficult to acquire owing to dynamic conditions near the bed-water interface. Observations are further complicated near the river outlet by the occurrence of tides and estuarine circulation, whose signals perturb data collection of sediment motion and water discharge. Sand and associated bed materials (e.g., flocs and particulate organics) therefore represent an under-measured sediment component within fluvial systems.
[3] Fluvial sand flux and deposition patterns are primarily responsible for setting channel morphology of lowland sand-bedded rivers. At the river outlet, sediment supply to the delta serves to build and maintain coastal land forms [Fisk, 1961; Coleman and Wright, 1975; Coleman et al., 1998 ]. Sand deposits are important because they provide a stable substrate for coastal wetlands, such as marshes and mangroves [Kulp et al., 2005] , and promote the growth of barrier islands and mainland beaches [Stone and McBride, 1998 ]. River and deltaic sands often contain a significant fraction of large (>1 mm) organic carbon, and make for important oil and gas reservoirs because of their interfingering with organic-rich mud facies [Bianchi et al., 2007] .
[4] Assessments of sand transport are important for coastal restoration efforts. Sediment starvation (due to river channel confinement within artificial levees) and base level rise (rapid regional subsidence coupled with eustatic sea level rise) over the past century have promoted wetland deterioration in the Mississippi River delta. This issue is potentially mitigated through restoration efforts that seek to distribute sediment-laden river water to surrounding wetlands, and mine the channel bottom for sand [Britsch and Kemp, 1990; Penland et al., 1990 Penland et al., , 1992 Turner, 1997; Day et al., 2000] . These efforts are facilitated by quantitative measurements of sand and sediment transport.
[5] The primary objective of the present study is to measure the component of sediment flux associated with the downriver migration of dunes. Four study areas were examined along the final 150 km reach of the Mississippi River. Data were collected with multibeam (swath) bathymetric sonar over a range of water discharges, and analyzed to measure bed elevation changes induced by dune migration. We utilize Church's [2006] definition for bed materials in this study: those sediments (mineral or organic) corresponding to the coarser portion of river sediments, which may move either as classic bed load (i.e., rolling, sliding, saltating), or as near-bed suspension. Bedform sediment flux is the distinct component of bed material responsible for advancing dune forms by way of lee face sedimentation.
Methods for Measuring Bed Material Flux in Sand Bed Rivers
[6] Mass flux estimates for bed sediment remain poorly constrained within large river channels because of temporal and spatial limitations of existing observational methods, and a lack of consensus in what constitutes bed load and suspended load transport, particularly for the size class of particles that readily transition between the bed and the water column [Gomez, 1991] . The latter arises because of limited measurements within large, sand bed rivers that distinguish between sediment grains that move as ''true'' bed load, and those that intermittently move as suspended load for downstream distances greater than a single dune wavelength.
[7] Bed load flux has traditionally been measured using basket and pressure-difference point samplers, which are deployed to the sediment-water interface to collect rolling and saltating grains. Although sampler designs have been modified to minimize impact on natural flow (e.g., the Helley-Smith sampler, Emmett [1980] , and Hubbell et al. [1981] ), their intrusive nature necessitates a calibration for sampler efficiency [Engel and Lau, 1980] . In large rivers, point samplers are temporally limited because collection capacity is often reached before turbulence-induced bed sediment flux variabilities can be resolved. Further, point measurements are spatially restricted, requiring interpolation between sample locations when determining acrossand down-channel transport rates [Gomez, 1991] .
[8] Nonintrusive acoustic measurements are a more effective means for measuring bed material transport. The dunetracking technique uses single-line bathymetry data to quantify bed load transport over spatial scales of meters to kilometers, by coupling dune geometries and translation lengths from repeated surveys [Simons et al., 1965 , Engel and Lau, 1980 Kostaschuk et al., 1989; Harbor, 1998; Ten Brinke et al., 1999; Wilbers and Ten Brinke, 2003 ]. This method is limited, however, by its two-dimensional nature, requiring accurate reoccupation of transect lines. Additionally, bedform geometry and dimensions must remain stable over the period of observation, such that dunes remain identifiable, and shape deformation does not compose a significant portion of the translating mass [McElroy and Mohrig, 2006] . Because of these potential errors, formulations will often utilize empirically derived bed load discharge coefficients, which account for grains carried more than one bedform wavelength, bed load-tosuspended load exchanges, and unbalanced yields resulting from accelerating or decelerating fluid flow.
[9] Recent studies have used acoustic Doppler current profilers (ADCP) to assess bed sediment velocities, and constrain sediment flux [Rennie et al., 2002; Villard et al., 2005] . Resolution of the system is dependent on fixed instrument frequency, and physical characteristics of bed sediments, such as porosity, grain size, and depth of the mobile layer. The latter parameters must be known accurately to constrain rates . The technique may generate ambiguous results because of the difficulties in resolving suspended sediment velocities from the underlying mobile bed sediment, and to the preferential selection of the coarser material in transit. For error reduction, the ADCP system may require bed monitoring in a fixed position for survey periods greater than 30 minutes, and this is a difficult task in commercially active rivers [Rennie et al., 2002] .
[10] Abraham and Pratt [2002] and Abraham and Hendrickson [2003] introduced a new method to assess bedform transport utilizing multibeam bathymetric mapping. Their study used repeated surveys to measure dune migration and compare spatial patterns of bed accretion and erosion. Sediment mass transport is calculated by converting volume changes with measured sediment density. The processing techniques of Abraham and Pratt [2002] limit measurements to an assessment of mass change per unit width, and therefore do not provide downstream, widthadjusted sediment loads.
[11] The present study improves the use and data processing techniques of multibeam mapping to assess sediment transport. The three-dimensional calculations avoid the need to adjust for spatial bedform variability when measuring across-channel sediment flux, as is necessary when employing the dune tracking method. Our technique covers the entire channel at four river reaches; each reach measuring several kilometers in length, and separated from each other by distances of $150 kilometers.
Setting
[12] The Mississippi River has the world's third largest drainage basin, extending over 45% of the contiguous United States and adjacent areas of Canada (Figure 1a) , and ranks seventh worldwide in both annual sediment and water discharge [Meade, 1996] . The Mississippi River channel in Louisiana is sinuous above river kilometer (RK) 130, before its final, relatively straight, course to the Gulf of Mexico. Since 1930, the channel has been held in place below RK 250 by the construction of federally maintained artificial levees, hence modern morphology for the lowermost river is a reflection of prelevee channel planform, subsequently modified by incision into relict fluvio-deltaic strata. Limited accretion and erosion continues along banklines inside the artificial levees, and ephemeral muds are commonly deposited from suspension in shallow (<20 m water depth) bank areas during periods of low water discharge [Galler, 2004] . Below Baton Rouge, Louisiana (RK 370), the Mississippi River channel incises into seaward dipping, highly consolidated fluvio-deltaic strata that range from Pleistocene age upstream to <1000 years old near the Gulf of Mexico [Stanley et al., 1996] . Below RK 164, channel bed sediment is primarily fine to medium sand. Ranges for dune wavelengths and heights are 10-40 m and 0.5-3 m, respectively, and vary with water discharge [Allison and Nittrouer, 2004] .
[13] Meteorology within the Mississippi River catchment drives water discharge, which typically is at minimum during late summer and autumn months (July -November) and at maximum between midwinter and late spring (JanuaryMay) [Bratkovich et al., 1994] [Soileau et al., 1989; McAnally and Pritchard, 1997; Galler and Allison, 2008] .
[14] Presently, the lowest river station monitoring longterm suspended sediment concentrations and grain size distribution is at RK 426 (St. Francisville, LA). Measurements are conducted 12 to 14 times a year [Horowitz et al., 2001a [Horowitz et al., , 2001b following standard United States Geological Survey (USGS) isokinetic, depth-and width-integrated sampling techniques [Edwards and Glysson, 1988] . Average suspended-sediment flux, during the period of 1994 -2004, was 87 Â 10 6 metric ton (MT) a À1 [Horowitz, 2006; A. J. Horowitz, personal communication, 2007] . Additional suspended sediment data collected by the USGS (http://nwis. waterdata.usgs.gov/nwis) are available for the Mississippi River at Belle Chasse, LA (RK 122) for a range of discharge conditions between 1977 and 1997.
Methods

Survey Sites
[15] Repeat multibeam surveys were conducted at four reaches of the Mississippi River in Louisiana (Figure 1b) between RK 167 and Head of Passes (RK 0). The Audubon Park survey area (Figure 2a) consists of a straight reach (1500 m length, 600 m width) with thalweg depths 25-35 m, and an eastward meander bend (800 m length, 500 m width) with depths reaching 65 m. Two survey sites were selected at the English Turn meander bend, the last major pointbar for the Mississippi River before the Gulf of Mexico outlet (Figures 2b and 2c, respectively) . Upper English Turn (UET) (Figure 2b ) is located within a straight reach (550 m in width) and water depths 20-25 m. Lower English Turn (LET) (Figure 2c ) includes a west-to-south portion of the English Turn point bar, and thalweg water depths range from 60 m within the bend to $25 m in the subsequent straight reach. The Venice survey area, the largest of the four (RK 7 -12) (Figure 2d ), is a straight reach characterized by a broad channel ($900 m width) and shallow thalweg (water depths 15 -25 m). River flow velocities in the Venice survey area are influenced by a saline bottom layer penetrating along the axis of the thalweg when river water discharge is <8,500 m 3 s À1 ; this estuarine circulation promotes sediment trapping and rapid deposition (mm to cm d
À1
) of fine grained materials atop sandy bedforms [Galler and Allison, 2008] . , the largest water flow in the lower Mississippi River since 1997, and the maximum allowed before upriver diversions are opened by the USACE to alleviate flow.
Multibeam Data Collection and Postprocessing
[17] Each survey consisted of two bathymetry data sets, collected within 24 h of one another. Along-channel, bankparallel transects were run between the concrete revetments that protect the base of the artificial levee (5 m water depth).
Sidescan sonar data collected by the swath bathymetry system helped distinguish sediment type and aid in identifying the active dune field within the main channel. Bathymetry transects were conducted with at least 30% swath overlap (swath width is proportional to water depth by a ratio of 7:1), and were oriented in the same ship travel direction to minimize bathymetry error from variable ship squat (angle of the vessel's keel relative to the water line). The repeat surveys followed similar line order and direction as the initial. Sediment samples of the dune field were collected during the surveys using a Smith-McIntyre grab sampler. Grain size and density of the sediment were analyzed to relate sediment mass and volume.
[18] A pole-mounted Reson Seabat 8101 swath bathymetry profiler (101 transducers) with side scan projector and Reson 6042 software were used for data collection. Attitude data (heave, pitch, roll) were collected with a gyroscope inertial guidance system, mounted inside the vessel hull. Dual antenna differential GPS provided position, heading, and velocity data, which were integrated with measurements of ship attitude using Applanix POS/MV hardware. Within the system software, error limits were manually set, and notification (warning) lights appeared if attitude, heading, position, and velocity exceeded the input threshold (0.05°, 0.1°, 2 m, 0.5 m s À1 , respectively). Data were not collected if these limits were exceeded. Typical values, however, were generally much lower than the input thresholds (common survey values: $0.025°, 0.018°, 0.3 m, 0.04 m s À1 ). Position and attitude data were collected at 1 ms intervals, and tagged to bathymetry measurements. Vertical resolution for the multibeam instrument, as estimated by the manufacturer, is $1.5 cm. After data collection, raw files were NITTROUER ET AL.: MULTIBEAM DATA AND SEDIMENT FLUX converted to XTF format and then imported into CARIS HIPS 6.0 software for postprocessing, which included removal of multiples, and correction for elevation of the water surface (combined river stage and tidal phase, using USACE water level gage data, referenced to NGVD sea level at the Carrollton Station-RK 162, and Venice-RK 17 gage, where stage data are recorded hourly), and sound velocity (using data from a sound velocity profiler). Motion sensor and navigation data were merged, and channel bathymetry grids of 1 Â 1 m cell size were created in HIPS. Additionally, portions of the active dune field were isolated, and bathymetry grids of 0.25 Â 0.25 m cell size were constructed. These high-resolution data snippets were used to help determine if compound (second-order) bedform features were present atop the primary dunes.
[19] Data were exported to ArcView 9.2, and a raster grid was constructed using an inverse distance weighting interpolation function (1 m cell size, or 0.25 m for the compound dune test). Repeat surveys were then compared; visual identification of crest locations confirmed that dunes had migrated less than one wavelength between surveys.
[20] Raster gridding of the multibeam data revealed bathymetry-matching irregularities, visible as sharp changes in apparent bathymetry situated along the outer beams where swaths overlapped. These inconsistencies result from fewer (scattered) data in the far range, which make interpolation of a consistent grid difficult. Ultimately, bathymetry data exhibiting swath-matching anomalies were visually identified and discounted during analysis.
Calculation of Bedform Transport Rates
[21] Bedform transport calculations are restricted to the visible limits of the dune field. Four-sided polygon panels were constructed where bathymetry data are clean and not obscured by swath-matching irregularities. Geometry of each panel is unique, however panel width is generally consistent, as it is set by the lateral extent of high-resolution data, which is dependent on water depth (water depth is regular over the dune field). There are a variable number of panels (1 -6) in the cross stream, depending on the quality of data and number of survey transects necessary to cover the dune field. Table 1 summarizes the geometric properties for each panel.
[22] Bed elevation data are referenced to a zero-datum water surface that includes a correction for river stage and tidal phase (Carrollton Station and Venice hourly gage data). Changes in bed topography between sequential daily surveys are determined for each panel by differencing the bathymetry data at grid scale (1 Â 1 m):
where Z(t 2 ) is bed elevation at time 2, Z(t 1 ) is bed elevation at time 1, and Dz is elevation change defined as the difference at each grid point.
[23] Dune translation produces a spatial distribution of positive and negative elevation changes between repeated surveys. Bed erosion, caused by deepening on the upstream (stoss) face of the dune will result in a positive excursion: Z(t 2 ) > Z(t 1 ). Alternatively, depositional shallowing (bed aggradation) occurs via lee face advance, generating negative values for elevation change: Z(t 2 ) < Z(t 1 ). This model is conceptually demonstrated in Figure 4 and is revisited with data in the results section. If dunes are perfectly translational, the positive and negative changes in bed elevation will be equal.
[24] Here we focus on lee face sediment deposition as a means for estimating the mass flux associated with dune migration. The total area of lee face bed aggradation is measured for each panel and the average vertical displacement associated with lee face sediment deposition is calculated hDzi per grid cell. The characteristic (average) downstream translation distance for dunes in a panel, hDXi, is estimated by dividing the measured accreted area by the number of bedforms and effective panel width:
where N bedforms is the number of bedforms in the train circumscribed by the polygon and W dune is the effective panel width, taking into account the representative crestline sinuosity for the bedforms present in a panel. This width is always slightly greater than the panel width. Bed material flux per unit width (m 2 s
À1
) can then be determined for each panel as:
where Dt is time between repeated surveys, and e bed is volume concentration of sediment in the bed.
[25] Values for bed material flux per unit width (q s ) are averaged for panels aligned in the cross-channel direction to derive hq s i. Multiplying this hq s i by the width of the bedform field measured for each survey area, w, and accounting for sediment density (r = 2650 kg m 3 ) produces the channel mass flux, Q s :
[26] Multiple Q s values calculated for a survey are averaged to provide total standard Q s . To account for instrument measurement errors, minimum and maximum deviances from the standard sediment flux of each survey are calculated. This is accomplished by assuming a spatial (DGPS) error of ±0.3 m, which is the typical observed accuracy during a survey, and a vertical error of ±0.015 m, the multibeam manufacturer's stated resolution. Spatial offset is introduced by adding and subtracting distance from the calculated dune translation length (equation (2)); by assuming that offset should impart an effect on both the upstream and downstream end of the translated distance, a maximum and minimum translation error is determined by adding and subtracting twice the estimated spatial error, 0.6 m, from the calculated translation distance. The vertical offset error is determined by adding and subtracting 0.015 m from the average elevation gain calculated for the area of accretion (i.e., value for equation (1) where Z(t 2 ) < Z(t 1 )). A total maximum and minimum bedform transport deviance is evaluated by coupling the positive vertical and spatial errors, and the negative vertical and spatial errors, respectively. [27] Comparison of sequential bathymetry data to determine elevation change induced by the migration of dunes does not take into account the entire volume displaced (Figure 5a ). A computational model was developed to estimate and correct for the missing volume, as a function of the fraction of one full wavelength that the dunes migrate between sequential surveys. A simple sinusoidal wave was used to represent dune geometry, and the resulting plot of missed volume versus displacement indicates that this fraction increases exponentially with translation distance (Figure 5b ). Dune wavelengths and translation distances are compared to estimate the appropriate missing volume on the basis of the results of the sinusoidal model.
Results
Channel Floor Morphology
[28] Multibeam bathymetry of the lowermost Mississippi River, supplemented by draped sidescan imagery and bottom grabs, allow for classification of channel floor morphology. There are three predominant channel bottom sediment types: (1) fine-to-medium sands with dunes (Figure 2 ; outlined in black), (2) areas of ephemeral mud (<50 cm thick) in shallow waters near the bankline (<15 m), and (3) highly consolidated relict muds exposed in the deeper portions of the channel devoid of active dunes (Figure 6a , black outlined oval). The dune field is generally confined within straight reach segments, in water depths of 15 m to 30 m, but may extend into deeper meander bend thalwegs at low water discharges. Grain size at the survey sites, measured in grab samples recovered from the active sand sheet, indicate that mean bedload sand sizes at Audubon Park, Upper and Lower English Turn, and Venice are 275, 260, and 175 mm, respectively.
[29] Bankline shallows (0 -15 m water depth) in the survey areas display two distinct characters: (1) steeply sloping (25 -40°), undulating ridge-and-swale banks that abruptly merge with the thalweg floor (Figure 6b , Audubon Park outlined in black) and are composed of highly consolidated muds (as noted from grab samples); and (2) more gently sloping areas (<10°) that decrease in slope in deeper water until they merge with the thalweg floor and are typically composed of the high-porosity (e.g., recently deposited) muds at lower discharges (Figure 6c , LET, interior of area outlined in black). Distribution of these bank types is related to river morphology: slopes along point bar interior bends are typically gentle (e.g., LET), (Figure 6a ). Interestingly, there is no evidence for compound (second-order) dune forms from either the low, moderate, or high-discharge surveys (as examined from both the 1 m and 0.25 m subset raster grid). Figure 7 , a 2-D profile collected during low discharge through the dune field subset (0.25 m grid), depicts primary dunes lacking smaller bedform features.
[31] Spatial extent of the bedform field at Audubon Park is related to both river planform and water discharge. Dunes are abundant within the straight reach segment, and thin with approach to the bend. With exception for the lowest discharges observed (November 2003 and September 2004) , bend deeps are completely devoid of bedforms. With increasing water discharge, this transition migrates upriver, exposing a duneless channel floor in the lower portion of the straight reach (Figures 6a and 6b) .
[32] LET displays a complex bathymetry pattern as the channel planform is transformed from the upper bend section to a straight reach. A 5-m-high scarp is situated just Figure 4 . (top) A conceptual profile for bed elevation changes imparted by dune translation. The channel bed (black) deepens and (gray) aggrades between time 1 and time 2; our methods seek to quantify the area of deposition to calculate bedform sediment flux (where Z(t 2 ) < Z(t 1 )). The lower diagram illustrates grid cell elevation changes; after isolating the area of deposition, hDzi values per grid cell are determined. Differencing the bathymetry data enables a quantification of the area between the two forms (i.e., scour and accretion). Bedform transport is calculated by assessing the area of accretion. However, the hashed areas show no elevation change, but nevertheless represent an area of dune volume transfer between T 1 and T 2 . (b) Graph of missed area as a percentage of that determined to have translated, versus dune migration length between times T 1 and T 2 (in radians). Data from the present study indicate dune translations ranged between 15% and 40% of a wavelength (highlighted in gray), which equates to a missing fraction of $2-16%. [33] Venice bathymetry data collected during November 2003 were compromised by the presence of a water column halocline, which caused a difference in acoustic impedance, and obscured bathymetric data. Measures were attempted to evaluate the extent of the halocline (i.e., sound velocity profiles), and thereby correct the multibeam data, however a systematic procedure could not be developed because of the spatial heterogeneity of the stratified layer. During the April survey, water discharge was sufficient to push the saline marine wedge downriver, beyond the survey area. Dunes from the April survey were widely distributed across the Venice channel in water depths greater than 5 m (Figure 2d ). Height and wavelength measured 0.5-2.0 m and 10 -35 m, respectively, and the smaller dunes were situated in midchannel and the larger dunes were near the banklines.
Bedform Transport Rates
[34] Comparison of sequential bathymetry data sets produces a field of channel bed erosion and accretion, indicating dune migration between surveys (Figures 8a and 8b) . Bedform transport rates are a function of dune migration distance and dune height, both of which are noted to vary with river water discharge ( [35] Sediment flux estimates for the entire study correlate exponentially with water discharge, as depicted in Figure 9 . Range bars demonstrate the maximum and minimum across channel transport flux calculated for each survey ( Table 2) . As a percentage of the mean flux, these values are $10-60%. This variance is discussed in further detail below. Sediment flux errors arising from potential instrument imprecision, calculated as maximum and minimum deviations by coupling spatial and vertical offsets, are determined to range $10-20% of the standard values, with the exception of the January 2005 survey, when variability is $3% (Table 2) .
[ ). The dotted black rectangle on the west bank is an example of a low-sloping bankline, which are often covered by high-porosity muds at low water discharges (slopes: <10°). Circled area is the scarp of exposed relict strata discussed in the text ($5 m relief). [38] Dune translation distance between sequential data sets ranges between 15% and 40% of an average dune wavelength at the four survey areas. On the basis of the model developed to assess the area missed when differencing time series bathymetry data, this equates to 2 -16% of the total volume calculated to have translated with dune migration (Figure 5b ). It is not clear how this addition should relate to transport values determined in this study, where variable dune geometries and translation distances are different than the modeled sinusoidal wave patterns. Therefore the addition calculated by the model is not included in the final bedform mass transport rates presented in Table 2 and plotted in Figure 9 , but gives a sense of the confidence limits for the transport rates.
Discussion
[39] Repeat multibeam bathymetric surveys, and the computational methods advanced in this study, offer a new way to calculate bedform flux in large, sand bed rivers. The method provides bank-to-bank channel coverage, and may be applied with relatively high accuracy so long as the dune geometry and translation distances are large relative to the positioning error. Below, we discuss the use of these data to: (1) assess how bedform translation and measured bathymetric change equate with bed material transport rate, (2) examine reach-scale morphological controls on sand dynamics, and (3) estimate total sand flux (bedload and suspended load) for the Mississippi River to the Gulf of Mexico.
Bedform Measurements and Model Divergence
[40] The methodology outlined in this study links dune migration and measured differences in channel bed elevations, which are converted to mass transport rates after correcting for physical properties of the sediment. Acoustic bathymetric instruments record differences in impedance, and record a specific sediment density interface. In energetic, sand bed river channels, the ''bed'' is a gradational surface of moving particles that contribute to bedload transport [Wiberg, 1987] . Particles that help advance a translating dune are accounted for, whether they reside below the acoustic impedance interface, and therefore partake in traditional bedload transport (rolling, sliding, saltating), or settle from near-bed suspension to the dune form. Conversely, if transported through the survey area without bed contact, particles do not partake in the translation of dunes and are unaccounted for in our measurements; we suggest that this as an operational definition of suspended load transport-that sediments traverse the dune field of a single river reach without bed contact. Models commonly define the thickness of the bedload layer as those sediments traveling within a few grain diameters of the bed [Wiberg and Smith, 1989] , and particles moving as near-bed suspension are often discounted, which would underestimate bedform transport if some of these near-bed suspended particles are deposited in the dune field. The measurements , and superimposed bed topography is absent. This trend is noted for each of the other data sets; the large dunes lack second-order features. Figure 8a . Bed elevation differences between surveys in January 2005, determined by differencing two sequential data sets (8 h separate the two surveys used to construct this map). Dune migration is observable as areas of bed scour (green) and accretion (red). outlined here clearly distinguish sediment transport on the basis of the bed particle interactions that advance dune forms.
[41] Panel data indicate some range in bedform transport rates ( Figure 9 and Table 2 ), however the significance of these spatial trends within a channel reach is difficult to evaluate; it may simply represent dynamics of bedform transport within a dune field. We have chosen not to introduce range bars for the estimated potential errors associated with instrument inaccuracy, because the values are insignificant in comparison to the magnitude of the measured sediment flux.
[42] Comparison of our results with previous bedload transport rates cited within the introduction is difficult, because the methods used to collect data operate at different vertical data in the gradational boundary between the immobile bed and near-bed suspension. Point samplers that collect moving sediments and acoustic systems that measure velocity do not discriminate between those sediments that actively translate a dune, or bypass a reach as a part of the suspended load. The processing techniques put forward in this study differ from standard dune tracking techniques because the multibeam provides a means to assess transport using three-dimensional data, without assuming a standard dune morphology which requires a correction for dune deformation. Additionally, fundamental differences arise in the timescales of observation, and the character of the fluvial systems that have been studied to measure bedload transport. For example, Ten Brinke et al. [1999] conducted consecutive bathymetric surveys for a 12-day period on the Rhine River in the Netherlands (<8,000 m 3 s À1 ), to assess the effects of a rising and falling water discharge cycle on dune morphology and hysteresis of bedform transport. The study by Harbor [1998] included dune tracking bedload data and suspended-load measurements within the Mississippi River (at three reaches between RK 655 -795). Bedload measurements ranged from 1 -10 kg s À1 m
À1
, and were closely correlated with river water discharge. Harbor described these bedload values as comprising 10-60% of the total sediment load, or 30 -80% of sands in suspension. Abraham and Hendrickson [2003] and Abraham and Pratt ), using a methodology similar to that put forward in this study. Their results range from 50-600 MT d
, and the values are strongly dependent on time differences between survey periods. However, neither study accounted for dune migration lengths, and thus the data are rendered an average mass flux per downstream unit length.
[43] Bedform flux at our four Mississippi study sites correlates exponentially with water discharge, demonstrating a significant increase in bed material load with everincreasing water discharge; this trend is similar to both observational [Andrews, 1979; Kircher, 1983] , and numerical model [Howard and Kerby, 1983; Syvitski and Alcott, 1995; Habersack and Laronne, 2002] estimates of bedload transport, which commonly assign power functions to fit empirical data. Additionally, as will be discussed in further detail below, there is strong empirical evidence demonstrating significant partitioning of sand to suspended load with rising water discharge.
Implications for Spatial Changes in Bedform Distribution
[44] The spatial extent of the dune field (e.g., Audubon Park and LET) is related to water discharge. The duneless bend reaches between Audubon Park and English Turn have been sampled in previous studies and were determined to consist of highly consolidated mud and peat. Further, 14 C analysis has dated the organics to the late Pleistocene, suggesting that the exposed bed is relict fluvial-deltaic strata that underlie the lower Mississippi River [Galler et al., 2003] . During the Audubon Park January 2005 highdischarge survey, the channel bed devoid of bedforms migrated up the river bend (Figure 6a) . Although upper plain transport may exist where the dunes disappear, we postulate that bed sediments are propelled into suspension, and that this duneless channel bed is exposed underlying strata. When water discharge subsides to moderate conditions, dunes cover this portion of the channel. In the LET survey area, the reciprocal effect is evident: dunes reappear within a straight reach immediately below the river bend (Figure 6c) , and the transition to dunes is conditioned by water discharge. These observations demonstrate that the downriver transport of sands in the lower Mississippi River from reach-to-reach involves a cycling between suspension and bedload, as sediments migrating downriver in straightreach dune fields bypass more energetic meander bends in suspension, before being redeposited in the next downstream straight reach. This point has major implications for interpreting bedload and suspended load transport measurements from energetic and meandering, sand bed rivers. Location of point or cross-sectional measurements (with respect to reach-scale river morphology) leads to mass flux variations, distinct from differences induced by temporal variability of water discharge.
[45] In the three upriver study sites (Audubon Park, UET, LET), translating dunes were observed for the lowest water discharges surveyed. This indicates that reach-scale dune fields are in active motion throughout the typical annual discharge cycle in the tidal section of the Mississippi River. Previous studies from the estuarine Venice survey area [e.g., Galler and Allison, 2008] indicate dune motion ceases during low-water discharge, as bedforms are mantled with ephemeral mud deposits, as depicted in high-resolution (CHIRP) subbottom seismic surveys. Multibeam data from the November 2003 low-discharge survey at Venice could not confirm this, because of the acoustic barrier arising from the halocline. We suggest that during this time, bedload transport is negligible because of the low (landward) water velocities in the saline bottom layer. In contrast, the April 2004 data show bedform transport rates that are comparable to our upriver study sites, suggesting that, in the absence of estuarine circulation, tidal alteration of river velocities has a limited impact on dune migration.
[46] Ideally, point-integrated suspended sand measurements, which provide data on water column sand concentration and grain size, should be coupled with multibeam bedform transport analysis. Together, these data, which we are presently collecting at Audubon Park, will help refine definitions for bed material sediments, especially in the near-bed environment (>90% water depth). This will further our assessments of fluvial sand budgets within the tidally influenced reach of the Mississippi River, and provide an additional understanding of the impact that local river morphology has on the distribution of coarse-grained sediments. (Figure 9 ) can provide an estimate of annual bed material flux within the lower Mississippi River to the Gulf of Mexico. Using daily water discharge measurements collected from 1986 -2005 (data from Tarbert Landing, Mississippi), the average Mississippi River bedform mass transport rate is 2.2 Â 10 6 MT a
À1
. Assuming an annual suspended-sediment discharge (sand and mud) of 87 Â10
6 MT below the Atchafalaya River diversion for the period of our observations [Horowitz, 2006] , the observed bedform transport rate is equivalent to about 2.5% of the total suspended discharge. If the same calculation is made using the minimum and maximum transport ranges that arise from instrument measurement inaccuracy, the values equate to 2.0 Â 10 6 MT a À1 and 2.3 Â 10 6 MT a
. This is not a significant departure from the standard value, and therefore will not be discussed further. [48] An estimate of suspended-sand flux in relation to river discharge can be made for the lower river using data collected by the USGS at St. Francisville, Louisiana (RK 426) Demas, personal communication, 2006) . The sediment fraction coarser than 63 mm plotted against water discharge allows for an estimate of annual suspended-sand flux at each site (Figures 10a and  10b) , yielding 17.6 Â 10 6 MT a À1 at Belle Chasse and 22.6 Â 10 6 MT a À1 at St. Francisville. The differences in mass estimates for these two locations may result from: (1) settling of suspended sands over the 322 km that separate St. Francisville and Belle Chasse; and/or (2) reach-scale river channel morphology differences that, as discussed above, would promote a greater proportion of sand suspension at St. Francisville versus Belle Chasse. Suspended sand transport at Belle Chasse, closest to the Audubon Park and English Turn study areas, is significantly larger ($10 times greater) than the yearly bedform flux. Additionally, it must also be noted that standard suspended sampling methodology practiced by the USGS [Edwards and Glysson, 1988] extends only to 0.9 total water depth, raising the possibility of a significant missing near-bed fraction of sediments, especially if concentration increases nonlinearly approaching the bed [Rouse, 1937; Vavoni, 1963; Smith, 1999] . These first-order estimates do suggest that suspended transport is the predominant mode for sand transfer through the lower Mississippi River and into the Gulf of Mexico.
Conclusions
[49] This study provides the first reach-scale measurements of bedload transport by dune translation in the Mississippi River. Most significantly, these measured fluxes suggest that bedform transport is a relatively small component of the overall sand transport budget. Multibeam bathymetric mapping not only can be utilized to assess sediment transport associated with the migration of dunes, but also provides detailed constraints on the morphology and spatial distribution of channel dune fields. The data document sand cycling along-reach between bedload and suspended load transport varying temporally with changes in river discharge, and spatially with changes in river velocity and turbulence associated with reach-scale morphologies (e.g., meanders, straight reaches). Datasets of this nature are valuable for validating and improving 1-D, 2-D, and 3-D numerical models of river sediment transport [Habersack and Laronne, 2002] . The specific conclusions of this research are listed below.
[50] 1. Repeat multibeam bathymetric mapping in the lower (tidal) Mississippi River provides measurements of channel bed elevation changes caused by dune migration. Conversion of this information to mass transport rates is based on physical properties of the sediment and dune translation lengths between surveys. The spatial distribution of dunes is noted to change as a function of local river morphologies and variations in river water discharge. Dunes are generally ubiquitous in straight-reach segments, covering the channel bank-to-bank, and dissipate within bend segments. This observation suggests that sands moving as a part of dune migration are propelled into suspension within bend segments, and are subsequently redeposited on the following straight reach. Where dunes are absent, there is likely exposure of the relict and consolidated fluvial-deltaic strata that underlie the lower Mississippi River.
[51] 2. Bedform sand transport rates in the lower Mississippi River are exponentially correlated with water discharge (R 2 = 0.84). An estimate of a yearly bedform transport mass, based on the fit to observed data, is approximately 2.2 Â 10 6 MT a
À1
. This value equates to about 2.5% of the observed suspended-sediment discharge for the lower Mississippi River. Coupled with USGS suspended sand data, collected over a 20+ a period at Belle Chasse, Louisiana, an approximate total sand load (suspended + bedform migration) discharge to the Gulf of Mexico is about 20 Â 10 6 MT a À1 , or 23% of the total suspended load. W dune effective panel width (m), accounting for representative crestline. sinuosity.
